We exploit spin noise spectroscopy (SNS) to directly observe build-up of dynamic nuclear polarization and relaxation of a perturbed nuclear spin-system to its equilibrium state in a single-shot experiment. The SNS experiments were performed on a layer of bulk n-type GaAs embedded into a high-finesse microcavity with negative detuning. The dynamic nuclear spin polarization is observed as a shift of the peak in the electron spin noise spectrum due to the build-up of the Overhauser field acting on the electron spin. The relaxation dynamics of nuclear spin system was revealed in the time-resolved SNS experiments where the exponential decay of the Overhauser field with characteristic timescale of hundreds of seconds was detected. We show that elliptically polarized laser beam tuned in resonance with the cavity mode, whose energy corresponds to nominal transparency of the semiconductor, can nevertheless produce a sizable nuclear polarization.
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PACS numbers:
Introduction. Host lattice nuclear spins take a special place among spin systems in semiconductors. On the one hand, exceptional robustness of nuclear spins to effects of environment opens up prospects to use nuclear spins for information processing [1] , while, on the other, they play major role in electron spin dynamics and decoherence [2] [3] [4] . Weak interaction of nuclear spins with light strongly complicates direct optical studies of nuclear spins allowing, as a rule, indirect detection of nuclear spin state via spin dynamics of charge carriers, in which case the carriers provide feedback on nuclei, often making difficult the interpretation of experiments [5] . An alternative method was proposed in [6] , where Faraday rotation induced by the Overhauser field was detected and used to trace the nuclear spin relaxation in a single-shot experiment. Though this method shows good promises for studying the nuclear spin dynamics, it gives relative values of nuclear fields, thus requiring complicated calibration procedures to determine the magnitude of nuclear polarization. Here we demonstrate a method of visualization of nuclear spin dynamics based on monitoring of omnipresent electron spin fluctuations by means of the spin noise spectroscopy (SNS) technique, which has an advantage of giving absolute values of nuclear fields. SNS is a new method of research intended for studying magnetic resonance and spin dynamics of transparent paramagnets. Primarily demonstrated on atomic systems [7] [8] [9] [10] , this technique is most widely applied, nowadays, to semiconductor systems, for which it proved to be highly efficient [11, 12] . The method is based on detection of the magnetization noise via fluctuations of the Faraday (Kerr) rotation of the system. Since the laser beam, in these measurements, usually probes the sample in the region of its transparency, this technique appears to be essentially nonperturbative, which was initially considered as its most important merit. However, an increase of polarimetric sensitivity of these measurements, which was achieved either by direct increase of the probe beam power [13, 14] , or by placing the sample inside a microcavity [15] , the light power density on the sample substantially increased, and, at some point, effects of the light-induced perturbation became noticeable [14, [16] [17] [18] [19] .
Already first experiments on electron SNS in semiconductor nanostructures have revealed nuclear spin effects [20] , which appear mainly as broadening of spin noise (SN) spectra caused by the frozen nuclear spin fluctuations experienced via hyperfine interaction by localized charge carriers [21] . It was also predicted that nuclear spin polarization may result in drastic change of localized electrons SN [22] . Here we propose to use Faraday-rotation-based SNS to monitor spin dynamics of optically pumped nuclei. The experiments are performed on the bulk n-type GaAs layer embedded into a high-finesse microcavity. The electron SN was detected via fluctuating Faraday rotation angle of a linearly polarized probe beam tuned to the cavity resonance about 20 meV below the bandgap of GaAs, i.e. nominally in the transparency region. We demonstrate that the optical pumping of nuclear spins results in a shift of the electron SN peak, as if additional magnetic field B N , known as Overhauser field, was applied to the sample. We observe, in the electron SN spectra taken with time arXiv:1504.00799v1 [cond-mat.mes-hall] 3 Apr 2015 resolution of several seconds, the build-up of the nuclear spin polarization under pumping as well as relaxation of nuclear spins towards disordered state after pump has been switched off. Surprisingly, we could pump nuclear spins not only by interband optical excitation, but also by the low-wavelength probe beam itself, when it was made elliptically polarized and increased in intensity. Measuring transient nuclear fields in GaAs samples with donor concentrations below (n D = 2 * 10 15 ) and above (n D = 4 * 10 16 ) the insulator-to-metal transition have revealed different mechanisms of dynamic polarization and relaxation of nuclear spins in semiconductors with localized and delocalized (Fermi-edge) electrons.
Sample and experimental setup. The schemes of the sample and the setup are shown in Fig. 1 , panels (a) and (b), respectively. The experiments were performed with a layer of bulk n-type GaAs embedded in a 3λ/2 microcavity with a high-finesse, quality factor Q ∼ 10 4 similar to the ones used in Refs. [23, 24] . The electron density in the sample n ≈ 4 × 10 16 cm −3 was chosen to realize longest possible spin relaxation times [25, 26] and, correspondingly, narrowest electron SN spectrum widths. The sample was mounted in the closed-cycle cryostat "Montana" providing temperatures down to 3 K and transverse (with respect to the optical axis) magnetic fields (Voight geometry) up to 0.7 T. Additional longitudinal magnetic field (of about several mT) could be applied to the sample using a permanent magnet. As the probe and pump beam we used one and the same output emission of a cw Ti-Sapphire laser tuned to the cavity mode of the structure (λ ≈ 833 nm), corresponding to the region of nominal transparency of the sample. Spectral tuning was performed by choosing a point on the gradient sample. The size of the spot of the focused beam on the sample was ∼ 30 µm and its power varied from 0.25 mW up to 6 mW. Ellipticity of the beam was controlled using the quarter-wave plate (Fig. 1,a) . The SN spectra were measured by means of a balanced photodetector with the bandwidth 200 MHz and a FFT spectrum analyzer. The accumulation time of the system was usually a few seconds and, therefore, we were able to study time evolution of the SN spectra making measurements each several seconds.
Experimental results. Figure 2 (a) shows the SN spectra measured at a transverse magnetic field B x = ... mT at low temperature of about 3 K by slightly elliptical probe beam (P circ = (I + − I − )/(I + + I − ) = 0.2) for different beam powers. Polarization plane of the probe beam was aligned along the axis of residual birefringence of the sample (which could be checked by absence of any nonlinearities related to admixture of circular polarization). At small probe power (0.25 mW), we observed a narrow isolated line at a frequency corresponding to the g-factor |g| = 0.435, which well correlates with the known value of g-factor for the bulk GaAs and can be attributed to the spontaneous electron spin resonance detected by the SNS. The line has a Lorentzian shape with the half width at half maximum of δν ≈ 2 MHz corresponding to the electron spin relaxation time τ s = 75 ns, and consistent with previous studies [25, 26] An increase of the probe power results in the increase of the measured noise proportionally to the probe power, so that the area of the spectra normalized by the probe power remains approximately constant (see inset in Fig. 2(a) ), demonstrating the absence of noticeable generation of electrons whose noise we detect. The SN line exhibits strong broadening (which can be ascribed to inhomogeneity of pumping over the light spot) and a pronounced shift towards higher frequencies with increasing probe intensity. In addition, a peak at zero-frequency, ν = 0, arises, whose magnitude increases approximately in proportion with the probe power and whose width is close to that of the Lorentzian peak at low powers. Changing sign of P circ does not change the SN spectrum.
To have a deeper insight into the observed nonlinearitues, we have studied the effect of circularly polarized probe beam on the SN spectrum of the sample. In this case, the circularly polarized (P circ = 1) probe beam of about 2 mW in power illuminated the sample for several minutes. After that, the quarter-wave plate, Fig 1(b) , was removed, and the SN spectra were recorded, in a conventional way, each 5 seconds. The set of the spectra are presented in Fig. 2(b) , the curves are offset along vertical axis for clarity. We observe that the peak at ν = 0 is absent, while the position of the spin-resonance line initially appears to be strongly shifted towards higher frequencies. Its position depends, in particular, on the probe power and illumination time as well as on the magnetic field. However, with time this line shifts towards the non-perturbed position defined by the electron g-factor and external magnetic field.
Discussion. The experimental results presented in Fig. 2 demonstrate that under illumination of our sample by elliptical and, particularly, circularly polarized radiation the effective magnetic fields acting on electron spin builds-up. Particularly, an effective field along the external field B x appears, which, in the absence of illumination, decays with the macroscopic time constant of hundreds of seconds. The appearance of such a field evidently corresponds to the polarization of some spin system. Since electron spin relaxation time amounts to just several nanoseconds, the only candidate for the spins responsible for the effect is the system of host lattice nuclear spins, which, for similar samples, can demonstrate the (longitudinal, i.e. for the component parallel to the external field) spin relaxation times T 1,N ∼ 10 2 sec, see e.g. [23] .
To demonstrate how the non-equilibrium nuclear polarization builds-up in our experiment, we assume that, due to residual absorption in the sample, the electrons are spin-polarized, and the average electron spin S = 0. In accordance with the general theory [27, 28] , we assume that the system of the host lattice nuclei is well isolated from the electronic system (T 1,N T 2,N ∼ 10 −4 sec, where T 2,N is the nuclear transverse relaxation time [28, 29] ) and introduce the nuclear spin temperature Θ, which can be found from the energy balance [28] :
Here I is the nuclear magnetic moment (I = 3/2 both for Ga and As isotopes), µ I is the nuclear magneton, B||x is the external magnetic field acting on nuclear spins, b e describes the strength of the hyperfine interaction and the Knight field acting on the nuclear spins is b e S, B L is the characteristic value of the local field and ξ is the constant determined by the spin-spin interactions. Equation (1) takes into account that the nuclear spin system is affected by the total field B + b e S being the sum of both external magnetic field B and Knight field b e S. We recall that in the framework of the nuclear spin temperature the average nuclear spin I = (I + 1)µ I (B + b e S)/3Θ which results in the formation of the Overhauser field acting on electron spins
Equation (1) demonstrates that the nuclear spin cooling and dynamical spin polarization arises even at S ⊥ B due to the effect of Knight field. In this case sign of the nuclear spin temperature Θ is independent of the sign of the circular polarization. In agreement with general theory [28] for GaAs the Overhauser field B N has the same direction as the external field resulting in an increase of the electron spin precession frequency, see Fig. 2 . Taking into account that the detected value of the Overhauser field is about 10 −3 of the maximum value we obtain the nuclear spin temperature |Θ| ∼ 1 mK.
In order to control the direction of nuclear spin I and, hence, the Overhauser field B N , we applied an additional magnetic field B z ∼ 10 mT along z-axis. Provided that it exceeds by far the Knight field (the latter is on the order of 5 × 10 −2 mT [24] ), |B z | > |b e S|, the sign of the nuclear spin temperature is, in this case, given by the product B z S z ∝ P circ and can be reversed by changing the sign of the radiation helicity or the sign of B z for the fixed helicity. Longitudinal magnetic field was removed after the pumping stage, and nuclear spins were rapidly (during the time ∼ T 2,N ) oriented parallel or anitparallel to B z depending on the sign of Θ. The results of the experiments carried out for B z > 0 and B z < 0 are shown in Fig. 3, panels (a) and (b) , respectively. The results presented in Fig. 3(a) are qualitatively similar to those in Fig. 2(b) : In agreement with Eq. (1) in both cases the Overhauser field adds up with the external field. One can see that in the presence of external longitudinal magnetic field the dynamical nuclear polarization builds-up much more efficiently compared with the field applied in the Voight geometry: The shift of the SN peak exceeds 30 MHz in the former case as compared with less than 10 MHz in the latter.
The case of B z < 0, Fig. 3(b) is qualitatively different, showing a nontrivial dynamics of the electron SN peak. First it goes from about 40 MHz to 0 and then restores back to its unperturbed frequency of ≈ 20 MHz. This result can be easily understood taking into account that the SN spectrum is symmetric with respect to ν → −ν [21] , therefore non-monotonic shift of the SN peak demonstrates that the total field acting on the electron spin B+B N changes it sign. Indeed, in agreement with Eq. (1) for P circ > 0 and B z < 0 the B N is antiparallel to B and, for sufficiently low nuclear spin temperature, the overcompensation may occur [24] . In the process of nuclear spin relaxation, we come to the point B N = −B when the electron spin resonance line visualized by the SNS passes through zero frequency.
Finally, we address possible origins of the peak at ν = 0 in the SN spectra observed in the presence of elliptically polarized probe. This peak immediately bulds up if the beam ellipticity appears and it disappears if P circ is put to zero, its magnitude is independent of the illumination time. Therefore, nuclear spin effects as possible origin of the zero frequency peak can be excluded with high probability. Hence, the peak can be related with an effect of elliptically polarized light on the electron ensemble. The appearance of zero-frequency peak can be tentatively assigned to the appearance of the effective optically-induced field acting on electron spins. Taking into account the fact that the peak amplitude scales linearly with radiation power P and making use of the cubic symmetry of GaAs we can write for this field B opt = κP circ P e z , where e z is the unit vector along the light propagation axis z and κ is the coefficient. In the presence of B opt electron spins precess in the total field B + B opt (Overhauser field is neglected for simplicity), which now has non-zero z-component. The electron spin fluctuations precess now in the tilted field and the zero-frequency component in the electron spin noise spectrum appears [21] in the agreement with the experiment in Fig. 2(a) . One of the evident candidates for B opt is the ac Zeeman effect induced by the circular field in analogy to ac Stark effect [30] : Offresonant circularly polarized field yields the effective Zeeman splitting of electron levels in the form [30, 31] : gµ B B opt = 2(|d + | 2 − |d − | 2 )P circ |E 0 | 2 /|δ|, where d ± are the dipole moments for the transition to the s z = +1/2 electron spin state in σ + and σ − polarizations, respectively, E 0 is the amplitude of electromagnetic field, and δ is the detuning from the resonance. Our estimates show that for experimental parameters and the nominal cavity Q-factor of 10 4 the B opt for free electrons can reach values of ∼ 1 T, which exceeds by far the value estimated from Fig. 2(a) of several mT. The origin of this discrepancy is not clear, it is probably related with (i) the fact that the SN signal comes from localized electrons on a donor pairs [23] whose optical dipole moment is smaller than for transitions to free electron states and (ii) the fact that real Q-factor of the cavity is smaller than the nominal one [34] .
Conclusion. In this paper, we demonstrate a new aspect of SNS that implies combination of linear and nonlinear spin noise spectroscopy to directly observe nuclear spin dynamics in real time. By using the circularly polarized beam to polarize host lattice nuclei in bulk GaAs and the same but linearly polarized beam to monitor electron spin fluctuations with time resolution we are able to detect nuclear spin dynamics and, particularly, longitudinal nuclear relaxation time. The suggested SNS-based method of the nuclear spin dynamics visualization may pave a way for studying the nuclear spin dynamics without noticeable perturbation of both nuclear and electron spin systems.
